Introduction
Flax (Linum usitatissimum) is an important crop grown widely for its fibers and oils. Transformation of the flax genome is possible with techniques such as wounding, Agrobacterium infection, and co-cultivation in tissue culture, applying biolistic particles or ultrasound sonication followed by regeneration. However, these techniques have many disadvantages, including proclivity to many mutational events and an extended time to obtain the transgenic lines. Some of these methods can also be expensive and require skilled and efficient manipulation of the instruments, resulting in low recovery seedlings. Most importantly, these technique often result in low transformation rates 2, 6 . Agrobacterium-mediated plant transformation via floral-dip is a simple and efficient approach to generate transgenic plants. It has been routinely and successfully used for many plant species such as Arabidopsis thaliana 1, 4 , Medicago truncatula 11 , tomato 12 , wheat 13 and maize 10 . However, it has not been thought of as a viable technique for flax transformation due to several factors, such as the low numbers of flowers produced by flax, limited number of seeds obtained from each flower, the large seed size, and the thick coat, which could also be problematic for such genetic transformation process. Additionally, the selection segment of the floral-dip technique requires germinating transformed seeds on a plant media containing an antibiotic, with transformed progenies distinguished based on their ability to germinate and stay green, while non-transformed progenies either do not germinate or germinate but bleach out quickly and die. In the current literature, it has been noted that wild-type flax tends to escape high concentration of antibiotic selections, producing false positive results, and making the selection of T1 progenies based on antibiotic resistance more difficult 6, 14 . Also, when a high concentration of antibiotic was added to the selection medium, the rate of observed transformation dropped dramatically 9 .
In this protocol, we used Agrobacterium and the floral-dip method to transform a line of fiber flax, Stormont cirrus (responsive and plastic), which has been shown to respond to stresses in the environment by altering its genome 3, 5 . To overcome the antibiotic escape problem, we have chosen to do direct PCR testing of DNA from T1 leaves, instead of selection by adding the antibiotic to the plant media. We took advantage of the simple anatomy of flax to track specific flowers at the time of treatment. This tracking system allowed selection of seeds from specific flowers and germination on soil without adding antibiotic. Positive transformants were simply identified by testing DNA obtained from leaves using the fast and efficient method of direct PCR. Our results demonstrate that the floral-dip method worked very well in this line of flax and surprisingly resulted in a very high transformation rate (50 -60%), higher than those previously observed for Arabidopsis thaliana, which was reported to be The goal of this protocol is to show that Agrobacterium and floral-dip can be used to generate transgenic flax. We show that this technique is simple, inexpensive, and quicker than other methods of flax transformation. More importantly it results in a much higher transformation rate than the other methods of flax transformation 2, 6 . The anatomy of Arabidopsis thaliana, which has many branches and flowers, makes it difficult to distinguish dipped and non-dipped flowers on the same plant. Therefore, large numbers of seeds, approximately 20,000 seeds per plant, need to be screened to identify positive transformants 8 . Flax, on the other hand, has fewer branches (one main branch and a few side branches) and fewer flowers, producing approximately 100 seeds per plants, which makes it possible to track individual flowers and to select specific seeds during screening process.
We propose that floral-dip is an applicable method to transform any related species of flax, a genus of approximately 200 species. This method gives much higher transformation rate than other methods of flax transformation. We are also proposing that the direct PCR screening of T1 leaf DNA is an efficient way to overcome the problem of antibiotic resistance escape that often produces many false positives. Direct PCR screening can be applied to any other plant species and is not limited to flax. The simple seed tracking technique employed in this protocol can be applied to any other plant species with branching anatomy similar to flax. 
Electroporation into Agrobacterium tumefaciens Electrically Competent Cells
1. Thaw a vial of Agrobacterium tumefaciens electrically competent cells on ice.
2. Add 1 ng of binary vector plasmid DNA to 20 µl of competent cells, on ice, and mix gently. 3. Chill a 0.1 cm electroporation cuvette on ice. 4. Transfer the competent cell/DNA mix to the electroporation cuvettes, and tap to collect the mixture at the bottom. Put the cuvette in the electroporator machine and pulse (voltage and time conditions depend on the size of cuvette and the electroporator used). 5. Add 1 ml of SOC media and transfer cells to a 15 ml tube. 6. Incubate for 1 hr at 28 -30 °C, shaking at 100 rpm. Plate 50 -100 μl of cells on LB agar + appropriate selective antibiotic (depend on the plant binary plasmid and the strain of Agrobacterium used. In this protocol use 50 μg/ml kanamycin and 100 μg/ml streptomycin). 7. Incubate the plates up to 48 hr at 28 -30 °C. 8. Repeat step 2.5 for colony selection and plasmid purification. 9. Repeat step 3 to analyze the plasmid and to check the integrity of the insert and T-DNA before using the construct for floral-dipping. Repeat step 3.2, using multiple PCR primers across the entire insert region and across the T-DNA regions and by sequencing as in step 3.3. NOTE: In this protocol 4 different primers were designed across the T-DNA and 10 primers across the insert. 10. Once the presence of the plant binary plasmid in the selected Agrobacterium colony is confirmed, place cells in 50% glycerol and store at -80°C
. Store remaining colonies on the plate at 4 °C if they are to be used within one week 7 .
Floral-Dipping
NOTE: 2 days prior to floral-dipping: Figures 1 and 2 , the leaves around the inflorescence buds are cut to expose them to the Agrobacterium cells and the different bud stages that were used to develop the protocol. Figure 3 shows the process of flax floral-dip. Figure 4 , shows an example of how the main and side branches can be labeled and how individual flowers can be tracked and identified. Figure  5 shows how the T1 progenies can be germinated on the MS plant media and then transplanted to soil for maturity. Figure 6 illustrates how wildtype flax can escape high concentrations of kanamycin, confirming previous findings in the literature 6, 9, 14 . Figure 7 shows an example of direct PCR amplification from positive T1 transformants. The T1 flowers were collected from the main and side shoots of a single T0 plant. As can be seen from the direct PCR, 8/12 T1 plants tested positive by PCR and have amplified the different regions across the T-DNA. Our primers were also designed between the LIS-1 insert and the multiple cloning sites (Figure 7B and C) . We used additional primers from the plant binary vector to amplify different segments of the T-DNA, such as the left border and the NOS terminator (data not shown) or the right border and the multiple cloning site (Figure 7D) . Primers specific to the LIS-1 insert were also used in this protocol (data not shown). A list of primers is provided in Table 1 . However, the sequences of these primers depends on the sequence of the T-DNA plant binary vector and the insert used for the floral-dip. We also noted that there was no significant difference in the transformation rate between flowers collected from the main and side branches. 
Discussion
In some plant species, such as flax (Linum usitatissimum), successful plant transformation has been limited. Previously, transformation in flax has required an Agrobacterium infection by wounding and co-cultivation, applying biolistic particles or using ultrasound sonication, followed by regeneration; a process that is both long and prone to being accompanied by many mutational events. Moreover, the selection process of these techniques requires the use of antibiotic selectable markers such as kanamycin. However, it has been noted in the literature that this method of selection produces many false positives, as flax tends to escape high concentrations of antibiotics 6, 9, 14 . Another disadvantage of the previous techniques in flax transformation has been the low transformation rates 2, 6 .
In the protocol described here, Agrobacterium-mediated plant transformation via floral-dipping was shown to result in a high transformation rate for flax (50 -60%). Transformants were obtained from flowers dipped and collected from main and side branches. Selection of positive transformants was simply done by growing T1 plants on soil and screening their leaves soon after they germinated, by-passing the use of antibiotic selection, a step previously used as a norm in floral-dip for other plant species. By performing direct PCR testing of leaves, and using the appropriate T-DNA primers, positive transformants can be rapidly selected. This technique is simple, inexpensive and easy to perform, yet . It is also the highest reported transformation rate for flax.
However, there are critical steps in the procedures including the selection of the best flower stage and the best surfactant concentration, so that the Agrobacterium can penetrate into the plant cells without killing the flower organs. If an early bud stage is used (Figure 2A ) with high Silwet-77 concentration of more than 0.05%, the flower will not develop nor set seeds. If late bud stage is used (Figure 2C) , although the transformation might work, it will occur at a much lower rate. Similar results were obtained with Arabidopsis floral dip transformation 1, 4 . For this protocol, all the floral stages were tested with different Silwet-77 concentrations and the best stage was determined to be the middle bud stage (Figure 2C ) with Silwet-77 at 0.05% for the first dipping, followed by a second dipping at the late bud stage ( Figure 2C ) with a slightly reduced Silwet-77 concentration of 0.03%. The transformation also worked well using the early bud stage (Figure 2A) with a low silwet-77 concentration of 0.003%, followed by a second dipping with middle bud stage ( Figure 2B ) at higher Silwet-77 concentration of 0.05%.
In this protocol, some other parameters were attempted to optimize the transformation rate, but found to have no effects on the final outcome. Examples include extending the time after dipping that the plants lay on their side and covered in plastic from one day to two days; using an OD of more than 1 for Agrobacterium culture, instead of 0.5 -1; increasing the dipping time to 5 -15 min instead of 1 -2 min. Again we have not noticed any effect on the transformation rate using these strategies. The most effective factors, however, were found to be using healthy plants at the correct flower stages, and using the best Silwet-77 concentration. We noticed that two dipping intervals, works somehow better than one time, even though one time dipping also works.
Modification to this protocol can be achieved by reducing the Silwet-77 concentration to as little as 0.003% in the second or third dipping. Since Silwet-77 is toxic, too high a concentration results in the flowers developing poorly, resulting in no seed yield. The dipping frequency can be reduced to one, with the second or third events eliminated if the plants are not looking healthy and the buds are not developing well.
A major limitation of this technique is the low number of flowers produced by the flax, the limited number of seeds obtained from each flower, and the long life cycle of flax. It takes 6 -8 weeks from seed sowing to have the primary buds ready for the first dipping and an additional 8 -10 weeks post-dipping to get to the T1 generation. In total, a range of 5 -6 months is needed to obtain the T1 generation. Unlike other plant species, which flower anytime of the year, some flax varieties flower better at specific times the year. So thoughtful planning for this technique is important.
In summary, our results of floral dip with two different flax varieties: the fiber flax, Stormont Cirrus (responsive and plastic), and the oil flax, Bethune (stable and non-responsive), show that Agrobacterium-mediated plant transformation via floral-dip is an applicable and efficient method for flax transformation and can be used to replace the previously used techniques for flax transformation. The modifications of the floral-dip method in this protocol will be applicable for use with any other plant species and not limited to flax.
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